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Introduction
Endocrine disrupting compounds (EDCs) are a concern, given their potential to cause reproductive dysfunction and behavioral abnormalities (Vandenberg et al., 2009; Wolstenholme et al., 2011a) . Of these chemicals, bisphenol A (BPA) is among the most pervasive (Biedermann et al., 2010; Galloway et al., 2010) and can act either as an estrogen receptor agonist or antagonist, but may also mediate effects through other steroid receptor pathways as well (Charles et al., 2007; Kuiper et al., 1998; Moriyama et al., 2002; Prasanth et al., 2010; Ryan et al., 2010; Stump et al., 2010) . Given this broad range of potential molecular targets, developmental exposure to BPA might be expected to influence an assortment of phenotypic features in a sex-and dose-dependent way but not necessarily in a predictable manner.
BPA exposure has been inferred to disrupt reproductive processes,, cognitive abilities, social and emotional behaviors, and the neural networks that support these aspects of phenotype (Frye et al., 2011; Rubin, 2011) , although not all authorities agree with these conclusions (Ryan et al., 2010; Stump et al., 2010) . Of these studies, only a few have reported whether or not prenatal and early developmental exposure to BPA influences sexually dimorphic adult behaviors (Cox et al., 2010; Jašarević et al., 2011; Xu et al., 2011) . Such traits, if under sexual selection and controlled by sex hormones, are expected to be exaggerated (Andersson and Simmons, 2006) , but highly sensitive to endocrine disruption .
Sex differences in spatial learning, generally favoring males, have been reported for a variety of species, including humans (Galea and Kimura, 1993; Gaulin, 1992; Williams et al., 1990) . In the laboratory, spatial learning is assessed by measuring latency to reach the escape hole, path length, errors (i.e., entering a blind hole), and search strategy. The latter is classified into three categories: 1) random/mixed strategy characterized as unorganized hole searches and multiple crossings of the maze center before locating the escape hole; 2) serial/ thigmotaxic strategy, where the animal moves around the periphery of the maze in a clockwise or counter-clockwise direction and enters at least two incorrect (blind) holes prior to locating the escape hole; 3) direct strategy, where the mouse moves directly to the quadrant containing the escape hole and either immediately enters this hole or moves to an adjacent blind hole prior to entering the correct hole. Predictably, animals employing the direct strategy exhibit shorter latencies and path lengths and commit fewer errors than animals using the other two strategies (Harrison et al., 2006b; Jašarević et al., 2011; Mueller and Bale, 2007; Rodriguez et al., 2010) .
For many of these laboratory tasks, males exhibit shorter latencies, commit fewer search errors, and adopt the direct search strategies more quickly than females (e.g., Galea et al. 1996; Galea et al. 1994; Jašarević et al. 2011; Jašarević et al. 2012; Rodriguez et al. 2010) . However, individual differences in anxiety appear to modulate performance and sex differences on spatial learning tasks (Herrero et al. 2006) , with the least anxious animals tending to perform the best (Carr et al., 2003; Cox et al., 2010; Eliam-Stock et al., 2012; Jašarević et al., 2011; Kim et al., 2011; Ryan and Vandenbergh, 2006; Xu et al., 2010; Xu et al., 2011) . Although the length and route of exposure to an EDC such as BPA differed widely in these studies, the common outcome has been that exposed males exhibit longer latencies and path lengths, and higher search errors during spatial learning tasks, as well as higher anxiety-like behavior than controls (Carr et al., 2003; Cox et al., 2010; Eliam-Stock et al., 2012; Jašarević et al., 2011; Kim et al., 2011; Ryan and Vandenbergh, 2006; Xu et al., 2010; Xu et al., 2011) . Given the interaction between anxiety and spatial learning, it is possible that BPA induces elevated anxiety levels in BPA-exposed animals, with compromised performance on a spatial learning tasks a secondary outcome.
While progress has been made on investigating the effects of BPA exposure on behavior, the dose-dependent effects of developmental exposure to BPA through the maternal diet on sex differences in spatial learning and anxiety-like behaviors remains unclear. Deer mouse males exposed to 50mg/kg feed weight (fw) BPA exhibited increased anxiety-like behavior and deficits in spatial learning compared with unexposed males, with no effect observed in exposed females . However, the possibility remains that BPA exposure exerts sex-dependent effects on anxiety and cognition at lower exposures. In most studies where the effects of developmental BPA exposure has been assessed in rodents after consumption of food by the mother, an upper dose of 50 mg BPA/kg fw has been considered to be still environmentally relevant (Anderson et al., 2012; Cox et al., 2010; Dolinoy et al., 2007; Wolstenholme et al., 2011b) and provides serum concentrations of BPA in laboratory mice that are close to those measured in humans unknowingly exposed to the chemical . However, serum concentrations have not been measured in deer mice, which are the focus of our experiments.
Outbred deer mice were chosen as the animal for the present studies, because deer mice have maintained naturally occurring sex differences despite housing in standardized laboratory environments (Layne, 1968) . Inbreeding may obscure naturally occurring sex differences (Gray, 1971; Harker and Whishaw, 2002; O'Leary et al., 2011; Thompson, 1953) , and, as a result, use of inbred strains may underestimate the effect of BPA exposure on sex-dependent behaviors. The present study sought to address these gaps by measuring levels of circulating BPA in the blood of adult breeder females chronically exposed to the 50mg BPA/kg fw dose and also by determining whether the effects of development BPA exposure on sex differences in spatial learning, exploration, and anxiety-like behaviors are dose-dependent. Two behavioral mazes, Barnes Maze and Elevated Plus Maze (EPM), were used to assess the adult behavioral responses. The Barnes Maze measures spatial learning and memory, while the EPM analyzes exploratory and anxiety-like behaviors that are generally correlated with spatial cognition, as an animal has to demonstrate motivation and confidence to explore and learn about the surrounding environment.
Material and Methods

Animal husbandry
Outbred adult deer mouse females and deer mouse males (50 of each), free of common rodent pathogens, were purchased from the Peromyscus Genetic Stock Center (PGSC) at the University of South Carolina (Columbia, SC), and placed in quarantine for a minimum of 8 weeks to ensure that they did not carry any transmittable and zoonotic diseases. From the time the animals had been captured in 1948 from the wild, P. maniculatus bairdii, captive stocks have been carefully bred by the PGSC to maintain their outbred status. All experiments were approved by University of Missouri Animal Care and Use Committee and performed in accordance with National Institutes of Health Animal Care and Use Guidelines. Sentinel testing for common rodent pathogens was performed on a quarterly basis and no rodent pathogens have been detected in the colony.
Virgin females, 8 to 12 weeks of age, were randomly assigned to receive one of five diets: (i) a low phytoestrogen AIN 93G diet supplemented with 7% corn oil (CTL; Control); (ii) AIN93G supplemented with 50 mg of BPA/kg fw (upper dose; U); (iii) AIN93G supplemented with 5 mg of BPA/kg fw (M dose); (iv) AIN93G supplemented with 50 μg of BPA/kg fw (L dose); or (v) AIN93G diet supplemented with 0.1 parts per billion of ethinyl estradiol (EE), as the FDA required positive control for BPA studies (vom Saal et al., 2005) . Diets were administered 2 weeks prior to mating, and dams remained on the diet throughout pregnancy and lactation, as sexual differentiation of the brain extends into the early postnatal period (McCarthy, 2008) . Litters with singleton births were excluded from these studies because social isolation during development and adolescence may confound cognitive and social behavior in a sex-dependent manner in rodents (Einon, 1980) . To obtain sufficient numbers of offspring some dams were bred more than once. The sample sizes of adult offspring in relation to their sex and diet exposure, plus the number of different litters sampled and the male and female offspring within each litter are summarized in Supplemental Table 1 .
After weaning, all offspring were placed on the CTL diet and housed with no more than 3 same-sex siblings per cage until sexual maturity (age ≈60 d). In contrast to common laboratory rodent species, P. maniculatus bairdii does not respond well to handling (Martin et al., 2007) , and thus animals were only handled during weekly cage changes and behavioral testing. To minimize background exposure to BPA beyond treatment regimen, deer mice were housed in white polypropylene cages (32cm x 18cm x 24 cm) under standard conditions (25 ± 2 °C and 50% ± 10% humidity), with ad libitum access to BPA-free water provided in glass bottles and diet specific to each treatment group. All animals were maintained on a long day light cycle (16 h light:8 h dark) to induce sexual maturity in males and females. (Layne, 1968) . To reduce any potential social housing and accompanying dominance/subordinate effects, adult deer mice were moved into single-housing conditions one week prior to behavioral testing.
As female behaviors are possibly influenced by stage of the reproductive cycle, it would have been desirable to test animals at the same stage of their cycle. However, the estrous cycle of Peromyscus is poorly characterized (Dewsbury et al., 1977) , and the animals may even be spontaneous ovulators (Bradley and Terman, 1979) .
BPA concentrations in serum of dams chronically fed a BPA-supplemented diet
Serum was collected at 700 CST from a cohort of deer mouse females near the end of their reproductive lifespan that consumed the CTL diet (n=7), the AIN93G diet supplemented with 50mg BPA/kg fw (U dose) (n = 9) or 0.1 ppb EE/kg fw (n = 6) diet continuously for approximately 12 months. The U dose only was employed, as a previous study in which laboratory mice (Mus) received isotopically labeled BPA indicated that the U dose tested here would likely provide measurable concentrations , whereas the M and L doses would not. Moreover, other studies have demonstrated that there is an approximately linear dose response curve for BPA (Doerge et al., 2010 Taylor et al., 2011; Teeguarden et al., 2011) allowing serum concentrations of the M and L lower doses to be extrapolated. Serum concentrations of conjugated and unconjugated BPA were measured as described previously (Padmanabhan et al., 2008; Sieli et al., 2011) . Briefly, samples were divided into two aliquots (each of 150-200 μL) and reference standards [5 ng each of deuterated 16-BPA (BPA-d 16 ) and 13 C 12 -bisphenol A] were included in each to serve as an internal control to estimate recovery through the analytical steps. Analyte separation and quantification were carried out by using an Agilent 1100 series HPLC interfaced with an Applied Biosystems API 2000 electrospray tandem mass spectrometer (HPLC-MS/MS; Applied Biosystems, Foster City, CA), as described previously (Padmanabhan et al., 2008; Sieli et al., 2011) . The method detection limit was 0.1 ng/mL and quantification was based on isotopic dilution method.
Spatial learning
The Barnes maze (Barnes, 1979) was used to test spatial learning and memory, but modified for Peromyscus as described in detail elsewhere Jašarević et al., 2012) . It consisted of a circular platform with 12 escape-holes, one placed every 30°, only one of which led to the home cage of the animal. Four spatial geometric shapes (triangle, square, circle, and star) were placed at the same height (~10 cm) every 90° inside the maze wall to act as cues for the mice in finding the correct escape hole.
Each animal was assigned an escape-hole number, with hole numbers for consecutively tested mice switched by 90°.However, the exit hole number and the positions of the spatial cues relative to the escape hole remained fixed for any individual animal across all acquisition trials and the subsequent probe trial. At the beginning of each training day, the maze was rotated 90°.s Animals were provided two shaping trials followed by seven days of two-trial evaluations per day for 300 s each, with a 30-min inter-trial interval. A trial consisted of placing the mouse in the center of the maze, but randomly relative to the location of the spatial cues, in an opaque starting box to allow the tracking system (described below) to detect the center body-point. The starting box was lifted, and a trial initiated once the mouse had begun to move in response to a stimulatory light measuring 1200 lux (versus ~400 lux for vivarium room lighting).. If the animal failed to enter the exit hole within the first 30 s of a trial (46% of trials), a recording of a barn owl was played to motivate predator avoidance and thus maze escape (Clarke 1983).
Each trial was recorded with an EthoVision XT video camera (Noldus Technologies, Leesburg, VA). Time to enter the assigned escape-hole (latency) and path length were tracked by using accompanying automated tracking EthoVision XT software. Latency performance was averaged across trials on the same day for each individual. Latency, escape errors and search strategy were quantified from the video recordings and tracking image composites produced by the EthoVision XT software, respectively. Fig. 2A illustrates the three main spatial strategies used by the animals in these experiments. The random search strategy (coded 1) was operationally defined as localized searches of holes separated by the animal repeatedly crossing the center of the maze. Serial search strategy (coded 2) was defined as a systematic search of consecutive holes in a clockwise or counterclockwise direction. Finally, direct search strategy (coded 3) was defined as navigating directly to the target quadrant without crossing the center of the maze more than once and with three or fewer errors (Harrison et al., 2006a) .
Exploratory and anxiety-like behavior
One week after animals were tested in the Barnes maze, exploratory and anxiety-like behaviors were measured by using the elevated plus maze (EPM), as described previously (Fountain et al., 2008; Jašarević et al., 2011; Jašarević et al., 2012) . The EPM was in a plus configuration with two opposite open arms (30 cm), a middle platform (5 × 5 cm), and two opposing closed arms (30 cm). Each animal was placed on the center of the platform and allowed to explore the maze for 300 s. Each trial was recorded with EthoVision XT software (Noldus Technologies, Leesburg, VA, USA), which automatically scores total time spent in open and closed arms and number of closed and open arm entries and center entries.
Statistical analyses
Serum BPA concentration analyses: For the unconjugated and conjugated serum BPA concentrations, a completely randomized design (CRD), in which there were three dam diets (CTL, n=8; EE, n=7, and BPA, n=9), was used. PROC MIX procedure of SAS and Fisher's protected least significance difference was then used to analyze for differences. Barnes Maze Data Analyses: The data were analyzed as a split plot in space and time (Steel, 1996) . The linear statistical model contained the fixed effects of diet, sex, day and all possible interactions with diet, sex and day. In an initial analysis, the individual pup within diet and sex was used as the denominator of F for the main plot effects. Day and interactions of day with main plot effects were tested by using the residual mean square as the denominator of F. In the second analysis, litter was used as the denominator of F for day, sex, and maternal diet, while, the remaining interactions used the residual mean square as the denominator of F. Mean differences were determined by using Fisher's protected Least Significant Difference (LSD).
Three discrete search strategies for the escape hole were defined as described previously . The first, coded 1, was random, the second (2) was serial, the third (3) (direct). The data were analyzed by using a repeated measurement design with PROC GLIMMIX and SAS version 9.2 software analyses (SAS Institute, Cary, NC). As above, the analyses were done with testing both the individual unit and litter as the denominator of F. Both methods used a cumulative logit link and a multinomial distribution, i.e. all three search strategies were included in this analysis. Since this initial analysis indicated a significant three-way interaction between diet x sex x day, another cumulative logit analysis for each day was performed, where diet, sex, and diet x sex interaction were modeled. To pinpoint the differences further, a third analysis on search strategy was performed on which the two less efficient strategies (1 and 2) were combined and compared against the more efficient search strategy (3), thereby resulting in a binomial distribution. The PROC GLIMMIX was again used. Here the model contrasted diet, sex, diet x sex effects for each day with a logit link. The differences between the least square means were based on average logits. Tabled data were converted to probabilities, which is the probability of the treatment group employing one of the less efficient search strategies compared to the most efficient and direct search strategy.
Elevated Plus Maze (EPM) Data Analyses: The proportion of total EPM time spent in open and closed arms and immobile, as well as total number of arm entries, average velocity, and total distance travelled were analyzed by ANOVA, which included the effects of sex, diet, and sex x diet. SAS version 9.2 Software (SAS Institute, Cary, NC) was also employed for these analyses. For the pairwise comparisons that were significant, a Cohen's d ( [X̄1 -X̄2]/ pooled standard deviation) was also determined.
Results
Serum BPA concentrations in deer mouse dams on the BPA-supplemented diet Fig. 1 provides a summary of the serum BPA concentrations in deer mouse dams chronically fed (~12 months a diet supplemented with either 50 mg BPA/kg fw (U), 0.1 ppb EE, or CTL diet. These mice had not been developmentally exposed to BPA themselves, but were members of the cohort of dams fed the U diet and whose offspring were examined previously in the behavioral assessments detailed below. The mean concentration of unconjugated (free) native BPA for females on the U diet was 5.48 ± 2.07 ng/ml (range 0.79 to 19.3 ng/ml) and was significantly different (P<0.05) from that of those dams on the CTL and EE diets, whose serum concentrations ranged from 0.1 to 0.79 ng/ml, and 0.1 to 0.78 ng/ ml, respectively, with 0.1 ng/mL being the limit of detection. As anticipated, the concentration of conjugated BPA for females consuming the U diet was at least 10-fold higher than that of the free BPA (Fig. 2B) (range 1.6 ng/ml to 157 ng/ml) and barely above the limit of detection for the majority of animals consuming either the CTL diet or E diets.
BPA dose and sex-dependent responses for spatial learning
As illustrated in Fig. 2a & b where the individual was used as the denominator of F, animals in all groups predominantly used a random search strategy on the first day of acquisition training, but strategy shifts became evident across training, as indicated by day by sex by diet effects (P < 0.0001]. This three-way interaction was then broken down further to provide contrasts of sex by diet differences in the frequency with which the three search strategies (random, serial, direct) were used on each of the seven training days. Significant diet by sex effects emerged after day 5; P= 0.0476, 0.0001, 0.0001 for days 5 to 7, respectively and were examined further.
A statistical analysis of the search strategy data with litter as the denominator of F is not straightforward, because, for the multinomial and binomial analyses to converge, each search strategy must be used on each day. This condition was only met on days 2, 5, and 7 of the trial, representing the early, mid, last day, but not on the other days. For example, on days 3 and 6 for upper dose (U) males, day 3 for EE-exposed males, and day 4 for CTL females, none of the animals and hence none of the litters within a particular diet grouping employed the direct search strategy, thereby precluding an estimation of P values for those days (Fig. 2b) . When the two most inefficient search strategies (random and serial) were combined and compared against the direct search strategy in a binomial analysis, the overall P value for diet x sex interaction on day 2 was 0.5 (data not shown). By day 5, the multinomial analysis for diet x sex interaction was 0.2, but the binomial analysis for this same interaction was 0.09, i.e. tending towards significance. Moreover, when individual treatments and sexes were compared, significant differences based on maternal diet and sex emerged (Table 1) . Specifically, by day 5, CTL males outperformed CTL females (P = 0.04). Comparison of the males revealed that U-dose BPA males were more likely to use one of the inefficient search strategies compared to CTL males (P = 0.02), with the latter group also tending to use the direct search strategy more than EE-exposed males (P = 0.06). By day 7, the overall multinomial and binomial analyses were markedly different (P = 0.002 and P < 0.0001, respectively), and there were several significant differences based on maternal diet and sex (Table 1) . CTL and L-dose BPA males employed the direct search strategy more than their CTL and L-dose BPA-exposed females (P = 0.001 and 0.02, respectively). Comparing across treatments, CTL males outperformed EE-exposed males, U-dose BPA-exposed males, and M-dose BPA-exposed males (P= 0.0007, 0.003, 0.005, respectively). The three latter groups also used the direct search strategy less than L-dose BPA males (P= 0.006, 0.05, and 0.04, respectively; data not shown). In comparing females across treatment groups, M-dose BPA-and EE-exposed females demonstrated a better ability to use the direct search strategy than CTL females (P= 0.02 and 0.009, respectively). Finally, EE females were much more likely to use the direct search strategy than EEexposed males (P = 0.005), indicating that EE exposure during development feminized males and masculinized females in terms of spatial navigational skill.
These data were confirmed with individual pup as the denominator. There are some differences in the estimates and P values when the individual animal (Supplementary Table  2 ) versus the litter (Table 1) is considered the unit, because the litter considers the effects of pseudoreplicates or individuals of the same sex within the litter and removes the variation due to genetic relatedness. Nonetheless, both methods provide the same overall trends.
Another caveat to using the individual as the unit has been to permit the analyses to be performed on days 3, 4 and 6, in addition to days 2, 5, and 7. To accomplish this analysis, one "artificial replicate" was added to any treatment group where the direct search strategy had not been "employed" by any of the individual mice tested in the group. In general, CTL and L-dose BPA males adapted quickly to the direct strategy across days of training, whereas females learned more slowly (Fig. 2b) . This direct strategy was severely compromised in males with the EE, U-and M-dose BPA exposures relative to CTL males for days 5-7, respectively (Supplemental Table 2 ). Again, the use of the direct strategy in these U and M males was not significantly different than that of females developmentally exposed to the same concentrations of BPA, while, as inferred above from Fig. 2b , the Ldose BPA males behaved essentially the same as CTL males (P = 0.51, 0.61, 0.60 on days 5-7, respectively) and learned to use the direct strategy significantly more quickly than Ldose BPA females by day 6 (P = 0.008 and 0.02 on days 6 and 7, respectively).
Consistent with shifts in search strategies during acquisition training, latencies, i.e. time for individual animals to reach the target exit hole, decreased across training ( Fig. 3 ; P < 0.0001). When the data were analyzed at the level of the litter (rather than individual animal), CTL males exhibited shorter latencies than CTL females (P = 0.0103), EE-exposed males (P < 0.0008), and U-dose and M-dose males (P = 0.03, P = 0.02, respectively). CTL males did not differ, however, from L-dose males and EE-exposed females (Ps > 0.05). On the other hand, EE-exposed females had shorter latencies across acquisition training than EE-exposed males (P = 0.0013).
Latency P-values for differences between males and females on the same diet and for comparisons of the effects of the different diets on males and females relative to same sex controls for days 2-7 of testing are presented in Supplementary Table 3 . These data are consistent with the analyses based on litter described above but provide breakdown of the behavioral differences over time of training. For example, CTL males demonstrated improved latency relative to CTL females, EE-males, and U-and M-dose males by day 4 and this advantage was maintained through the rest of acquisition training. EE, on the other hand, shortened female latency to values no different than those of CTL males in the later days of training. U-dose and M-dose females also were beginning to demonstrate behaviors resembling those of CTL males by day 4 of training, and this effect persisted through day 7.
The total numbers of errors that an animal committed prior to entering the target exit hole decreased across acquisition training for all groups (P = 0.001) (Fig. 4) . With litter (rather than individual animal) employed for the main plot effect, CTL males committed only about half the number of errors as CTL females (2.8 ± 0.4 versus 5.1 ± 0.3; P = 0.0002) and EEexposed males (4.9 ± 0.3; P = 0.02). These CTL males also committed fewer errors than Udose males (4.2 ± 0.4; P = 0.02) but did not differ (P > 0.05) from either M-dose (3.6 ± 0.4 errors) or L-dose (2.9 ± 0.4 errors) males. As with latency values presented above, EE had a masculinization effect, with EE-exposed females (2.7 ± 0.4 errors) committing about the same number of errors as CTL males and significantly fewer errors (P = 0.002) than EE males (4.9 ± 0.3 errors). There was also a decrease in errors in females that had experienced developmental exposure to the M-(2.9 ± 0.4 errors) and L-(3.6 ± 0.4 errors) doses of BPA when they were compared to CTL females (5.1 ± 0.3 errors) (P = 0.0005 and 0.01, respectively). However, differences between CTL females and U-dose females (4.2 ± 0.4) were not significant.
A detailed breakdown of P-values for different days of training based on individual animal performance is presented in Supplementary Table 4 . Again, the results were generally confirmatory. By as early as day 3, CTL males were committing fewer errors than CTL females and EE males, and, by day 5, they were making fewer errors than the U-and Mdose BPA males.
Dose-response for anxiety-like and exploratory behavior
The EPM, which contains open and closed arms separated by an open platform, provides a useful means of assessing exploration (entries into and time spent in the open arms) and anxiety-like behavior (time spent in the closed arms, time spent immobile) (Fig. 5) . The major comparisons among all mice assessed in the EPM revealed maternal diet effects for time spent in open arms (P < 0.0001), closed arms (P < 0.0001), immobile (P = 0.0135), and the proportion of time spent in the open arms relative to total time (P < 0.0001).
With litter employed as the main plot effect, it was clear that developmental exposure to EE and the U-and M-doses of BPA, led to loss of the enhanced exploratory behavior characteristic of male deer mice (Fig. 5) . CTL males spent more time in open arms (215.3 ± 19.6 s) than CTL females (134.1 ± 21.4 s; P=0.01) (Cohen's d= 1.09), EE-males (135.8 ± 20.5 s; P=0.01) (Cohen's d= 1.07), U-males (64.6 ± 22.8 s; P<0.0001) (Cohen's d= 2.02), and M-males (85.1 ± 26.2 s; P<0.0001) (Cohen's d= 1.75). These data are essentially the reciprocal of accumulated time spent in the closed arms of the maze (Fig. 5) , where CTL males (51.7 ± 19.9 s) spent significantly less time than CTL females (153.5 ± 21.8; P = 0.003) (Cohen's d= −1.37), EE-males (133.6 ± 20.8 s; P = 0.01) (Cohen's d= −1.10), Umales (217.0 ± 23.1; p < 0.0001) (Cohen's d= −2.2), and M-males (185.1 ± 26.5 s; P = 0.008) (Cohen's d= −1.79). CTL males were not significantly different (P > 0.05) than Lmales in time spent in either the open or closed arms (171.4 ± 27.7 s and 109.5 ± 28.1 s, respectively).
Responses to EE and to BPA of males noted in the litter-based analysis were confirmed in the statistical analysis based on individual pups (Supplementary Table 5 ). Sex differences observed in CTL animals for time in the open arms was lost in male mice exposed developmentally to EE and the U-and M-doses of BPA. There was even a significant effect of the L-dose on this parameter (P = 0.0075). One exception to the feminizing influence of these estrogenic compounds was that EE-males travelled further than the EE-exposed females (P = 0.002). The data also indicated that CTL males exhibited more open arm entries (P = 0.0005), moved more quickly (P = 0.0029) and traveled further (P = 0.0024) than female CTL mice, and that each of these male features was diminished as a result of EE-, U-, and M-exposure.
There was one marginal response of BPA-exposed females relative to CTL females in the EPM study. The M-BPA females made more open arm entries (P = 0.0377) than the CTL female mice. There were no other differences (Ps > 0.05) among females across diets.
Discussion
This study is first to characterize serum concentrations of unconjugated and conjugated BPA following chronic exposure (~12 months) of female deer mice to BPA through the diet and to demonstrate that developmental exposure to BPA through the maternal diet has a significant impact on subsequent sex differences in spatial learning, exploration, and anxiety in a dose-dependent manner.
BPA exposure occurs predominantly through consumption of contaminated water and food (Galloway et al., 2010; Vandenberg et al., 2009; Willhite et al., 2008) , Therefore, studies that model the effects of dietary intake are most useful for risk assessment. In the present study, chronic exposure of female deer mice dams to 50 mg/kg fw BPA resulted in unconjugated BPA serum concentrations of 5.48 ± 2.07 ng/mL, values quite similar to those noted in pregnant women unknowingly exposed to the chemical (Padmanabhan et al., 2008; Teeguarden et al., 2011; Vandenberg et al., 2010) and in the range anticipated from an acute study performed with deuterated BPA in laboratory mice . While the present study has been the first to characterize serum BPA concentrations in deer mice, the fact that the levels observed were comparable to those measured in humans and laboratory mice (Padmanabhan et al., 2008; Teeguarden et al., 2011; Vandenberg et al., 2010) indicates that deer mice are an appropriate animal model for BPA studies. On the basis of the linear response curve observed with BPA (Doerge et al., 2010 Taylor et al., 2011; Teeguarden et al., 2011) , dietary exposure to 5 mg BPA/kg fw, i.e. the M dose, would yield serum concentrations of active chemical close to the limit of detection but still well within human exposures. On the other hand, consumption of the L-dose (50μg/kg fw BPA) could not be expected to lead to measurable serum concentrations of the active form of BPA. Although only a fraction of the circulating chemical would be expected to transfer across the placenta and, in lactating dams, into the milk (Balakrishnan et al., 2010; Ikezuki et al., 2002; Kawamoto et al., 2007; Nishikawa et al., 2010; Vandenberg et al., 2010) , fetuses and neonates possess a decreased ability to metabolize BPA compared with adults and may, therefore, experience higher concentrations of unconjugated BPA than the mother (Ikezuki et al., 2002; Kawamoto et al., 2007; Nishikawa et al., 2010) .
Our underlying vulnerability hypothesis predicts that sexually selected traits would exhibit heightened sensitivity to developmental exposure to BPA and other EDCs (Geary, 2010; Jašarević et al., 2011) . Consistent with this prediction, the results presented here demonstrate that developmental exposure to BPA at the M and U doses disrupts normal spatial learning and exploratory behaviors and produces anxiety-like effects in male but not in female deer mice. Males exposed to either the U or M dose of BPA exhibited defective navigational skills and reduced exploratory behaviors compared to CTL males ( Fig. 2 and  3) .. Moreover, with one exception, namely improved latency at a single time point (P < 0.03) (Supplementary Table 2 ), there were no measurable effects on females as a result of either BPA dose exposure. It should be stressed that definitive staging of the estrous cycle in Peromyscus is challenging and that our data do not take into account behavioral changes in females that might be linked to fluctuations in ovarian hormones. For example, the high variance in Barnes Maze performance of females, independent of their diet, might be due to such unaccounted variance in hormones affecting spatial learning. While this shortcoming might be considered a limitation on using the female of this species for behavioral studies, the deer mouse remains a valuable rodent model for examining behavioral traits that are under strong sexual selection and especially vulnerable to endocrine disruption in males.
While the two higher doses of BPA clearly compromised normal male behavior, the lowest (L) dose of BPA had little or no effect on any of the behavioral parameters measured in either male or female deer mice in the Barnes maze and essentially represented a second set of controls. As with our previous findings , developmentally exposed EE females exhibited a complete masculinization of spatial abilities, outperforming EEexposed males on all criteria of spatial learning. Masculinization of female spatial abilities and demasculinization of male spatial abilities, following developmental exposure to estradiol and its synthetic analog, EE, has been reported previously for other rodent species (Delclos et al., 2009; McCarthy, 2008; Ryan and Vandenbergh, 2006) . However, as noted above, such sex-reversed responses were not consistently observed in females exposed to any of the doses of BPA, raising questions as to whether BPA acts comparably to EE in terms of its estrogenic actions in the deer mouse.
The possibility must be considered, therefore, that BPA-induced developmental programming not entirely dependent upon its ability to interfere with the actions of gonadal steroid hormones. The limbic and hypothalamic-pituitary-adrenal (HPA) axis circuits within the hippocampus, a structure abundant in corticosterone, mineralocorticoid and glucocorticoid receptors, are implicated in regulating spatial learning and memory (Han et al., 2005) . Maturation of the HPA axis and hippocampus is not complete before sexual maturation in rodents (de Kloet et al., 2005) , making this neural network particularly vulnerable to disruption by EDC. BPA exposure, for example, alters the relative abundance of glucocorticoid receptors in the hippocampus and concomitantly decreases spatial recognition memory in rodents (Poimenova et al., 2010) . In this regard, BPA may act as a glucocortoid rather than an estrogen receptor agonist (Prasanth et al., 2010) . Hence, BPA exposure during early development may lead to permanent alterations in corticosteronedependent circuits of the hippocampus, thereby, providing an alternative mechanism to explain how it influences developmental programming of the brain. Whatever the specific mechanism involved, our findings reveal a male vulnerability to BPA during early development with consequences in terms of spatial learning deficits that are dose dependent and occur at environmentally relevant exposures.
BPA exposure not only demasculinized male spatial learning, it narrowed the magnitude of sex differences in anxiety-like and exploratory behaviors in a dose dependent manner, as has been recently reported in rats exposed perinatally to BPA (Jones and Watson, 2012) . Similarly, sex differences among the deer mice were lost following developmental exposure to the U and M doses of BPA ( Fig. 5; Supplementary Table 5 ). Specifically, males from these two treatment groups spent more time in the closed arms and made fewer open arm entries compared to CTL males, EE-exposed males, and the L dose of BPA-exposed males. This finding is not surprising, as heightened anxiety in male rodents following BPA exposures has been consistently identified across species (Cox et al., 2010; Farabollini et al., 1999; Jašarević et al., 2011; Wolstenholme et al., 2011b) . The data again suggest that BPA exposure can perturb early programming of neural circuits modulated by glucocorticoids as well as sex steroids (Poimenova et al., 2010; Prasanth et al., 2010) .
Conclusions
Our data demonstrate that typical sex differences in spatial learning, anxiety-like and exploratory behaviors of adult deer mice are diminished following developmental exposure to BPA through the maternal diet. Importantly, a dose-dependent effect of developmental BPA exposure on these adult traits was observed in males but only marginally, if at all, in females. Finally, chronic exposure to a diet supplemented with the upper dose of BPA tested yielded serum concentrations of BPA that were within environmentally relevant range of exposure and similar to those observed in human biomonitoring studies.
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Highlights
• Deer mice offspring were exposed to three levels of BPA through maternal diet.
• Upper dose exposure led to environmentally relevant serum concentrations of BPA in dams.
• The two higher doses of BPA feminized exposed males in terms of spatial learning and exploratory behaviors.
• Unlike EE, developmental exposure to BPA did not cause a sex reversal in female behaviors. Unconjugated and conjugated serum BPA concentrations for dams chronically fed the CTL, EE (0.1 ppb), and 50 mg BPA/ kg fw (U-dose). Error bars equal SEM. Bars with different superscripts are significantly different P<0.05. Dose-and sex-dependent effects of early developmental exposure to BPA and EE on search strategy. (A) Schematic diagram illustrating different navigational strategies used to locate correct exit hole: random (top), serial (middle) and direct (bottom). (B) Proportion of BPA, EE and CTL animals utilizing random, serial, or direct search strategies across acquisition training. During acquisition training animals navigate through the maze by using one of three strategies: the random/mixed strategy (yellow) was characterized by unorganized hole searches and crossing the center of maze several times prior to locating the escape hole; the serial/thigmotaxic strategy (green) occurred when the animal moved around the periphery of the maze in a clockwise or counter-clockwise direction and entered at least two incorrect holes prior to locating the escape hole; the direct search strategy (black) was defined by the mouse moving directly to the quadrant containing the escape hole and either immediately entering this hole or moving to an adjacent blind hole prior to entering the correct hole. Control males acquired the direct search strategy more rapidly than all cohorts except low dose BPA males and EE exposed females (Ps < 0.05; see Table 1 and Supplementary Table  2 for further details). Sex-by-diet differences in spatial learning and memory in the Barnes maze. Latency to escape maze by day of acquisition training in males (A) and females (B) developmentally exposed to BPA and EE. For information on significant differences between sexes and across diets, see Supplementary Table 3 . Sex-by-diet differences in escape errors by day of acquisition training of males (A) and females (B) exposed to BPA and EE. For information on significant differences between sexes and across diets, see Supplementary Table 4 . Sex-by-species differences in exploratory (A, open arms) and anxiety-like (B, closed arms) behavior, as well as time spent immobile (C) and total activity (D, total arm entries) in the Elevated Plus Maze (EPM). Values marked by different letters indicate a significant difference (P < 0.05) between the male and female deer mice. For information on significant differences between sexes and across diets, see Supplementary Table 5 . Table 1 Probability of direct search strategy use compared to combination of random and serial search strategy where the litter was used as the denominator of F for days 5 and 7 of Barnes Maze testing. 
